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57 ABSTRACT 

Optical communication apparatus for simultaneously and 
reconfigurably establishing optical communication chan 
nels, comprises at lcast onc light source and a plurality of 
wavelength-selective detectors optically associated with 
cach light source, the detectors arranged one behind another. 
The apparatus uses wavelength-division-multiplexing 
(WDM) to facilitate simultaneous and reconfigurable com 
munication of one-to-many 2-D optical planes. This advance 
dramatically increases the system functionality of optical 
plane interconnects. Such a system is realized by incorpo 
rating several multiple wavelength vertical-cavity surface 
emitting lasers (VCSEL) into each transmitting pixel and 
incorporating wavelength sclectivity into each subscquicnt 
detecting plane which will absorb one wavelength and be 
transparcnt to the rest; these structures can be fabricated by 
slightly modifying existing technology. This system allows 
for increascd processing functionality of communicating 
both simultaneously and reconfigurably bctwcen many 
planes; broadcasting and dynamic independent intercon 
nects are thus enabled. 

26 Claims, 9 Drawing Sheets 
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ONE-TO-MANY SMULTANEOUSAND 
RECONFIGURABLE OPTICAL 
TWO-DMENSONAL PLANE 

INTERCONNECTIONS USING MULTIPLE 
WAVELENGTH, VERTICAL CAVITY, 
SURFACE-EMTTING LASERS AND 

WAVELENGTH-DEPENDENT DETECTOR 
PLANES 

TECHNICAL FIELD 

The present invention relates generally to optical process 
ing, switching, communicating, and interconnecting, and, 
more particularly, to optical switching and communicating 
between different two-dimensional optical planes. 

BACKGROUND ART 

The ability to efficiently connect many high-speed ports is 
of critical importance for large-capacity data processing. By 
taking advantage of the parallel nature of light, two-dimen 
sional (2-D) optical plancs can be employed to avoid the 
eventual electronic bottlenecks of reduced speed and 
increased power consumption. However, a basic problem 
arises in the optical-planc solution when one plane wishes to 
communicate simultaneously or rc.configurably with many 
subsequent planes. Traditional optical systems solve this 
problem in two ways. The first approach is for each plane to 
detect a data packet and then, if it is not intended for that 
plane, retransmit it to the next plane; see, e.g., J. W. 
Goodman, "Optics as an Interconnect Technology', in Opti 
cal Processing and Computing, H. H. Arsenault et al., Eds., 
Academic Press, Inc., New York (1989). This configuration 
is depicted in FIG. 1a, discussed below. The disadvantages 
include the possibility of an electronic high-speed bottleneck 
as well as the wasting of capacity, real estate, and optical 
hardware. 

The second approach involves etching largc via-hole 
windows in each plane's substrate such that an unobstructed 
and permanent optical path is created between a transmitting 
pixel on planc i and a detccting pixel on plane j; see, e.g., A. 
Dickinson et al., "Free-space optical interconnection 
scheme", Applied Optics, Vol. 20, No. 14, pp. 2001-2005 
(10 May 1990) and W. T. Cathey et al, "High concurrency 
data bus using arrays of optical emitters and detectors' 
Applied Optics, Vol.18, No. 10, pp. 1687–1691 (15 May 
1979). This configuration is depicted in FIG 1b, also 
discussed below. This second approach solves the electronic 
bottleneck but wastes real estate and allows only a prede 
termined static connection between any two planes. 

Thus, a need remains for efficiently coupling many high 
speed optical ports from one plane to another such that 
reconfigurability and simultaneity can be accomplished 
without wasting real estate. 

DISCLOSURE OF INVENTION 

In accordance with the present invention, apparatus is 
provided for simultaneously and reconfigurably establishing 
optical communication channels from at least one light 
source to a plurality of wavelength-selective detectors opti 
cally associated with each light source, with the detectors 
stacked one behind another. 
The apparatus of the present invention uses wave-length 

division-multiplexing (WDM) to facilitate simultaneous and 
reconfigurable communication of one-to-many 2-D optical 
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2 
planes. This advance dramatically increases the sysicm 
functionality of optical-plane interconnects. Such a system 
is realized by incorporating several multiple wavelength 
vertical-cavity surface-emitting lasers (VCSEL) into each 
transmitting pixel and incorporating wavelength selectivity 
into each subsequent detecting plane which will absorb one 
wavelength and be transparent to the rest; these structures 
can be fabricated by slightly modifying existing technology. 
This system allows for increased processing functionality of 
communicating both simultaneously and reconfigurably 
between many planes, broadcasting and dynamic indepen 
dent interconnects are thus cnabled. A high contrast ratio 
with low power penalty can be achieved for a channel 
wavelength separation.A.>30 nm. Furthermore, by imple 
menting WDM, system capacity is enhanced and real estate 
usage is more efficient. This WDM system can also be used 
for several A-dependent layers inter-communicating in a 
multiple-level printed-circuit computer board. 

BRIEF DESCRIPTION OF THE DRAWINGS 

F.G. 1a is a schematic diagram in perspective, depicting 
a prior art scheme for optical interconnections between 
Scveral planes, employing plane-to-planc communication in 
which a given plane must relay data by receiving it and then 
retransmitting it, 

FIG. 1b is a schematic diagram in perspective, depicting 
another prior art scheme for optical interconnections 
between several planes, but employing via-hole windows 
which establish a permanent optical path; 

FIG. 2 is a schematic diagram in perspective, depicting a 
onc-to-many optical planc interconnection configuration, 
designated (1T ->MR), in accordance with thc invention, 
using arrays of multiplc wavelength, vertical-cavity, sur 
face-emitting lasers (VCSELs) and multiple wavelength 
selective detecting planes (three such lasers per array and 
three such detecting planes are shown); 

FIG. 3a, on coordinates of responsivity R (in A/W) and 
wavelength - (in nm), is a plot of typical responsivity 
versus incident wavelength curve for an InCaAs detector; 

FIG. 3b, on coordinates of contrast ratio (in dB) and 
wavelength separation A (in nm), is a plot of the contrast 
ratio between a selected and rejected wavelength versus 
thcir wavelength separation (curves represent different 
selected-channel responsivitics in relation to the responsiv 
ity maximum, such that We sal), 

FIGS. 4a-c depict system scenarios for either the first 
plane transmits or all intermediate planes transmit, showing 
thc individual mode (FIG. 4a) in which onc laser is “ON” 
individually (reconfigurably), thc broadcast mode (FIG. 4b) 
in which all lasers are “ON” simultancously with the same 
data, and the independent mode (FIG. 4c) in which all lascrs 
are “ON” simultaneously with different data; 

FIGS. 5a–b depict all possible channels for each pixel in 
a 4-plane WDM system for one plane transmitting to many 
planes, designated (1T->MR), (FIG. 5a) and for intermedi 
ate planes transmitting to many planes, designated (MT-> 
MR), (FIG.5b), given only one pixel is "ON" per pixel, with 
each channcl (arrow) designated with a probability of occur 
ring and on which wavelength it is established and with T 
and R denoting the ability for a plane to transmit and 
received respectively; 

FIG. 6 is a schematic diagram, similar in view to those 
depicted in FIGS. 1a-b, but depicting an alternale embodi 
ment of thc invention, in which all intermcdiate planes have 
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the ability to transmit, designated (MT->MR) and given 
only onc laser is "ON" per pixel; 
FIGS. 7a-b, on coordinates of total capacity (in arbitrary 

units) and number of planes M, is a plot depicting total 
system capacity versus number of optical planes for only the 
first plane transmitting (1T->MR) (FIG. 7a) and for all 
planes with the ability to transmit (MT ->MR) (FIG. 7b); 

FIGS. 8a-c depict different pixel configurations that may 
be employed in the practice of the invention, including 
individual mode (FIG. 8a), broadcast mode (FIG. 8b), and 
independent mode (FIG. 8c); 

FIG. 9 depicts yet another embodiment of the present 
invention, employing mirrors to form a unidirectional ring 
for coupling optical information from the last plane back to 
the first plane or from any plane back to a previous plane; 

FIG. 10 depicts an alternative embodiment of the present 
invention, showing a dual bus configuration; and 

FIG. 11 illustrates a practical implementation of the 
teachings of the invention, depicting a printed-circuit com 
puter board employing a multi-layer interconnection mod 
ule, 

FIGS. 12a-c depict various node configurations for a 
pixel array (shown herc is a 2x2 array), including plane node 
(FIG. 12a), column (or row) node (FIG. 12b), and pixel node 
(FIG. 12c); and 
FIGS. 13a-b depict reduced network delay employing 

WDM, showing planc-to-plane node communication (FIG. 
13a) and row-to-column (or row) node communication 
(FIG. 13b). 

BEST MODES FOR CARRYING OUT THE 
NVENTION 

Turning now to the drawings wherein like numerals of 
reference depict like clements throughout, FIGS. 1a and 1b 
depict common prior art solutions to optical communication 
between several planes. In FIG. 1a, each plane 10 contains 
a plurality of pixels 12. The pixels on thc first plane 10a are 
provided only with a light-emitting source 14, while the 
pixels on the last plane 10d are provided only with a detector 
16. Each pixel on intermediate plane 10b is provided with 
both a light-emitting source 14 and a detector 16. Pixels on 
one planc 10 communicate with pixels on a subsequcnt 
plane through detection of light 18 cmitted by a source 14 on 
an earlier plane, say, planc 10a, by a detector 16 on the ncxl 
subsequent plane, say, plane 10b. Each plane detects a data 
packet and then, if the data was not intended for that plane, 
rctransmits it to the next plane (denoted "plane-to-planc"). 
As an example, a pixel on plane 10a communicates with a 
detector on plane 10b, as denoted A-B), while a pixel on 
planc 10b communicates with a detector on planc 10c, as 
denoted B-C). Communication between planes 10a and 
10c requires detcotion on plane 10b and retransmittal, as 
denoted A-C). 

In FIG. 1b, via-hole windows 20 are provided on the 
intermediatic planes in a prescribed pattern. The pixels on the 
first and last planes are provided with sources 14 and 
detectors 16, as in the scheme depicted in FIG. 1a. Sclected 
pixels 12 on intermediate planes are provided with both 
sources 14 and 16, also as in thc scheme depicted in FIG. a. 
Other pixels on the intermediate planes do not exist, due to 
the presence of the via-hole windows 20, which establish a 
permanent optical path. The large via windows 20 are etched 
in each plane's substratic so as to provide an unobstructed 
and permanent optical path between a transmitting plane on 
one sidc and a delecting plane on the other. 
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4 
System Configuration: 

In accordance with the present invention, apparatus is 
provided for simultaneously and reconfigurably establishing 
optical communication channels from a source to a plurality 
of wavelength-selective detectors, stacked one behind 
another. 

In one embodiment, one two-dimensional (2-D) plane 
communicates simultaneously and reconfigurably with 
many planes, using wavelength division multiplexing 
(WDM). The apparatus of the invention incorporates arrays 
of multiple wavelength vertical-cavity surface-emitling 
lasers (VCSELs) as well as wavelength-selective dctccting 
planes. VCSELs have been described by C. J. Chang 
Hasnain et al., “Multiple Wavelength Tunable Surface-Emit 
ting Laser Arrays", IEEE Journal of Quantum Electronics, 
Vol. 27, No. 6, pp. 1368-1376 (June 1991). 

FIG. 2 depicts the basic concepts for this WDM 2-D 
optical interconnect system in which, for simplicity in this 
embodiment, only one plane 10a is transmitting and several 
planes 10b-d are receiving, with a total of M planes (here, 
4 planes 10). The transmitting plane 10a is composed of an 
NXN pixel array 12 with each pixel containing a miniature 
multiple wavelength VCSEL array 22. Each laser 114 in a 
pixcl 12'emits ligh1 at a different wavelength, length, , and 
these wavelcngths are advantageously cqually spaced apart. 
There are (M-1) lasers 114 in each pixel 12, corresponding 
to the (M-1) othcr planes 10 which this pixel may wish to 
communicate with. This WDM pixel 12'is repeated identi 
cally for the entire NXN plane array. 
As described above, the first plane 10a is a transmitting 

only plane, and the subsequent planes 10b-d arc detecting 
only planes. As will be described with respect to another 
cmbodiment below, thc intermediate planes 10b-c may also 
be provided with transmitting source arrays 22. Both 
cmbodiments arc called herein a "unidirectional bus'. 
As is well-known, semiconductor lasers comprisc an 

active, or light-emitting, region sandwiched between mir 
rors. In the chirped array structure disclosed by Chang 
Hasnain et al, supra, spacer layers of increasing thickness 
are provided in both the x- and y-directions. Since thc output 
wavelength of each laser is dependent on the thickncss of the 
spacer layer, an array of multiple wavelengths is achieved. 

ln the practice of the present invention, the same principlc 
may bc utilized, except that each pixel has an identical array 
of lasers, with the array of lasers in each pixel having a 
sequence of spacer layer thickncss that is replicated from 
one pixel to the next, thus providing a repeated chirped 
array. 
Each of thc (M-1) detector planes 10b-d has N' pixels 

12", each of which contains a p-i-n detector 116 with its 
spectral response slightly offset from one plane to the next 
in its wavelength-dependent detectivity. The detector planes 
10b-d are configured such that the cutoff wavclength 
increases for each subsequent plane. Each detecting plane 
10b d will detect only the shortest-Wsignal remaining in the 
beam 24 and will be transparent to all the longer wavelcngth 
signals. As an example, for (M-1)=3 and <<, detector 
plane 10b will absorb only and be transparent to and 
A dictector planc 10c will absorb only and be transparent 
to , the final plane 10d will absorb . Thus, communi 
cation can be accomplished from one transmitting planc 10a 
to many detecting planes 10b-din a dynamic and reconfig 
urable manner simply by switching "ON” the single appro 
priate laser 114 in the {..}VCSEL array 
Thc intricacies of steering the light emitted from a par 

ticular laser on one plane to land on a particular detcctor on 
a subsequent plane involves a variety of issues to be con 
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sidered, including geometrical, defocussing, focussing, and 
steering aspects. For example, a backside-fabricated colli 
mating lens (not shown) may be employed to collimate light 
emerging from the substrate of plane 10a 
Two other configurations exist. First, broadcasting simul 

taneously to many planes 10b-d from this WDM pixel 
12 can be accomplished by turning "ON" many lasers 114 
simultaneously which can transmit the same bit stream to 
many planes. Second, if enough control electronics is 
included in each transmitting pixel 12'then each laser 114 
can bc independently biased and one pixel 12'can even 
communicate different, independent information to many 
planes 10b-d simultaneously. 
The fabrication of WDM pixels and -selective detectors 

can be achieved with slight alteration of existing technology. 
By fabricating a thickness gradient in the spacer layer of the 
VCSEL structure, as described above, a series of lasers 114 
can be made to emit distinct, equally-spaced wavelengths. 
Such a gradient is made periodic across the wafer to produce 
identical WDM pixels 12'. Furthermore, the A-selectivity of 
the detector planes 10b-d can be tailored over a wide 
wavelength range by varying the material composition of the 
detector absorption layer. For example, employing (A1, 
Ga)As detectors 116 on GaAs substrates 10b-d permits 
variation in thc aluminum content relative to gallium. The 
GaAs substrates are transparent at all frequencies of the 
WCSEL array 22. However, changing the A1 concentration 
in the dctectors causes a change in the bandgap and hence a 
change in energy at which a photon emitted by the source 
114 is detectcd. Detection occurs if the energy of the photon 
exceeds the bandgap energy (i.e., if the wavelength of the 
photon is shor1 enough); otherwise, the detector 116 is 
transparent to the photon. 

In addition to the foregoing, because the pixel area is 
overwhelmingly dominated by the necessary laser and 
recciver electronics and not by the relatively small VCSEL 
array, adding more lasers does not alter the pixel density on 
a chip. 

Additionally, a potential problem from an arrangement in 
which all planes are transmitting and receiving is that some 
stray light from the lasers will be coupled into the laser 
cavities on other planes. While this stray light may change 
some of the laser characteristics, it is expected that the 
overall performance will not be significantly degraded, since 
these VCSELs will be spaced apart by several nanometers 
and be operated well below their expected multi-GHz band 
width. 
Key performance parameters include the achievable con 

trast ratio and power penalty when a given plane absorbs one 
shortcr wavelength signal and rejects other longer wave 
length signals. All wavelengths are placed on the long 
wavelength edge of a typical responsc curve (Curve 26) of 
an InCaAs detector, as shown in FIG. 3a. Although the 
responsivity maximum for this detector is near 1600 nm, this 
is considered to be a non-specific wavelength, which enables 
analysis of a generic system. FIG. 3(b) plots the contrast 
ratio versus wavelength separation, A, between a signal 
intended to be absorbed and a single rejected wavelength 
intended to be unaffected and passed. The contrast ratio is 
computed for different selected-signal wavelengths in com 
parison to the wavelength at which the responsivity curve is 
a maximum such that (WPA); this is depicted as the 
percent of the responsivity at the selected wavelength in 
comparison to the responsivity maximum. If the wavelength 
producing maximum responsivity (100%) is chosen for the 
selected signal, then a larger AWis required to avoid absorp 
tion of the rejected signal (Curve 28). Furthermore, a AAD40 
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nm for the 70%-of-maximum casc (Curve 30) and a AA220 
nm for the 50%-of-maximum case (Curve 32) will providc 
a contrast ratio >20 dB. 

It will be appreciated that the steeper the roll-off of the 
detector at long wavelengths, then the closer together the 
different signal wavelengths can be. Steepening the detector 
roll-off can be accomplished by using quantum well detec 
tors in place of the bulk detectors described above. 
The total system capacity of the WDM configuration 

(FIG. 2) is now analyzed as compared with the prior art 
plane-to-plane system (FIG. 1a) and via system (FIG. 1b). 
The two basic scenarios include (a) one plane boa transmits 
and the rest of the planes 10b-d cither receive or relay 
information, denoted as (1T-MR), and (b) all intermedial.c 
planes 10b-c can transmit their own data as well as receive, 
denoted as (MT-MR); it will be noted that (MT->MR) 
would require each pixel to contain both a laser 14, 114 and 
a detector 16, 116. Furthermore, three variations of the 
WDM pixel for both (1T-MR) and (M->MR) categories 
are examined: (i) individual mode -thc (M-1) lasers can 
only be turned reconfigurably "ON"one at a time from the 
same driver, (ii) broadcast mode -thc (M-1) lasers can all 
be turned “ON” simultaneously with the same data from a 
single driver, and (iii) independent modc-the (M-1) lascrs 
can be turned "ON" simultaneously and indcpcndently, 
transmitting different data streams to different planes and 
requiring (M-1) lascr-driver electronics. FIGS. 4a-c depict 
the system scenarios for the threc modes, respectively, 
illustrating packets of information 33 carried on beams 24. 
The different configurations may bc summarized as: 
(IT->MR) & (MT->MR) 
A) Plane-to-Plane (prior art) 
B) Via Windows (prior art) 
C) WDM Pixels (this invention) 

(i) Individual Mode-one laser "ON" singularly; 
(ii) Broadcast Mode-all lasers "ON" simulta 

neously with same data; 
(iii) Indcpcndent Mode-all lasers “ON” simulta 

neously with independent data. 
The algorithm for deducing the maximum total system 

capacity in M planes (C) involves finding thc Lotal number 
of allowable channels transmitting new (not relayed) infor 
mation for a given configuration. Furthcrmore, the broad 
casting from M lasers in a pixel to M different plancs 
cstablishes M different channels, assuming non-interfering 
channels. If all planes can receive information as well as 
transmit their own information (MT->MR), then it is 
assumed that each laser and receiver has a bit-rate of r. Now 
allow the first plane to transmit with equal probability to any 
available subsequent planes. The next plane can then utilizc 
with equal probability the remaining idle detectors on its 
subsequent planes to transmit its own information and 
communicatc with a detector that does not already havc an 
established channel. A laser can transmit to only one dclicc 
tor, and a dctector can receive data from only one lascr. 
FIGS. 5a-b depict the two individual-mode WDM scenarios 
(1T->MR), (MT-MR) and the probability for cach chan 
nel being established. 
1T->MR: For only the first plane transmitting, C., for the 

plane-to-plane, via, and individual-modc WDM cases is 
(rN); plane-to-plane and via systems have identical capaci 
ties, since thc act of relaying information with a detector/ 
laser pair or with a via does not add new data. It must be 
emphasized that in the WDM individual mode, the system is 
dynamically reconfigurable even though the capacity is not 
enhanced. For the broadcast and independent WDM modes 
in which all the lasers can be "ON" simultaneously, 
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C={(M-1)rN) and increases by the number of lasers in 
each pixel. Thus, the capacity for these last two cases 
represents a significant advance by allowing all planes to 
simultaneously communicate with all planes. 
MT->MR: For all intermediate planes transmitting, the 

capacity is analyzed by using combinatorial methods and the 
probabilities for all allowable channels. For the plane-to 
plane and via cascs, C is determined by the average 
number of allowable channels, and is given by 

where D represents the average number of channcls estab 
lished given that planej communicates with planc M-(j+1). 
For cxamplc, if M=3, then plane A can either communicate 
with plane B or plane C. If plane A communicates with plane 
B, then plane B can also communicate with plane C, thus 
establishing 2 links. If plane A communicates with plane C, 
then plane B lies dormant and only 1 link is established. On 
average, 1.5 links exist. At the other extreme, the WDM 
cases in which all the lasers can be "ON" simultaneously 
have C=(M-1)rN' which is their same ultimate capacity as 
in the (1T-MR) category. 
The most intercsting case is the WDM system with only 

a singular laser "ON" for (MT-MR), providing a signifi 
cant capacily cnhancement (see FIG. 6). As opposed to using 
vias, the WDM pixel can establish an additional communi 
cations channel 34 between itself (B) and another plane (C) 
even if it is concurrently relaying data between another two 
planes (A.D) by being transparent to that other signal. Thus, 
inner planes can communicate independent of outer plancs. 

For this case, C has been solved both by computer 
simulation, which counts the possible established channels, 
and by combinatorial analysis. The analytical solution 
involves a "cost function' which describes the capacity lost 
due to certain inter-plane connections, as illustrated by 
considering a 3-plane system. If plane A communicates with 
plane B and B with C, then 2 channels have becn estab 
lished. However, if plane A wishes to communicatc with C, 
then B will not receive any data. Therefore, connecting 
A-1o-C has a 50% probability of occurring but "costs' 
(reduces) some capacity. Furthermore, recursive relations 
also exist since an M-plane system can be described by first 
considering the solutions to a combination of smaller (M-1) 
or (M-2) units. Consequently, the upper (C) and lower 
(C) total-capacity bounds are 

C = rBN/(M - 1), () 

Cu = ((Cu, + 1)/(M - 1) + ((M-2)/(M - )BM.), (2) 

Bf = ((B + CM-2)/2) + 1 

C = (Ct. 1/(M - 1)) + ((M-3)/(M - 1))C 2 + (3) 
OfM - 1) + 1, 

Q = (QM-7(M-1)) + (M-2)/(M - l})Clift + 

in which Ca-C2=1, Ca-Ca-l.5, B2=Q2=1, and 
B=Q=2. C., and C must be multiplicd by rN' for nor 
malization. The computer simulation falls a mere 5% above 
and bclow thc lower and upper bounds, respectively, for an 
11-planc system. C is plotted FIGS. 7a-b for all the above 
cascs cxcept for 2 and 3. For 10 planess WDM even with 
only one laser individually "ON" per pixel essentially 
doubles the capacity of the via-hole solution while providing 
reconfigurability. Thus, the present invention provides 
capacity enhancement of optical communication between 
planes. 

It will be noted that in comparing the plots of FIGS. 7a 
and 7b, the WDM reconfigurable situation in the case of only 

O 

15 

20 

25 

35 

40 

45 

50 

55 

65 

8 
the first plane transmitting (1T MR) results in essentially 
no increase in capacity as the number of planes increases. 
However, in the case of all intermediate planes transmitting 
(MT->MR), the more planes present, the more capacity. 

With regard to capacity enhancement, it should be noted 
that with the prior art via system, 10 planes would require 
80% of the planar area just to provide the requisite number 
of vias for fully connected planc-to-plane communication. 
Twenty planes would require 90% of the planar area. Such 
an extensive dedication of the planar area, of course, renders 
the via scheme useless as a practical method for simulta 
neous optical interconnection involving many planes. 
Additional Embodiments: 
As indicated above, the pixels employed in the practice of 

the present invention may be employed in a variety of 
configurations: individual mode 12a, broadcast mode 12b, 
and independent mode 12c. These various configurations are 
depicted in FIGS. 8a-c, respectively, and are used in con 
nection with the data transmitted in FIGS. 4a-c, respec 
tively. Connection is made from and to a network node (not 
shown). Thc connection from the network node, denoted 40, 
provides a signal to driver electronics 42, which drives the 
VCSEL lasers 114. The detector 116 is connected to 
receiver, or detector, electronics 44, which outputs a signal 
to the connection to the network node, denoted 46. The 
driver electronics 42 and receiver electronics 44 are con 
ventional and thus are not shown in detail. It is evident from 
these drawings, although not entirely to scale, that the driver 
electronics 42 and receiver electronics 44 take up substan 
tially more "real estate' than do the VCSEL lasers 114 and 
detector 116, as indicatcd above. Thus, the total pixel area 
does not depend on thc number of VCSEL lascrs in a given 
pixel. 

It will be noted that FIGS. 8a and 8b are nearly identical. 
The only difference is that the driver electronics 42 of FIG. 
8b must be of higher power than the driver electronics of 
FIG. 8a in order to drive all lasers 114 simultaneously. 
A unidirectional ring 48 can be used to couple the output 

from the last plane 10d to the first plane 10a using mirrors 
50, as shown in FIG. 9. The first plane 10a is provided with 
detectors 116, in addition to source laser arrays 114 while the 
last plane 10d is provided with source laser arrays 114, in 
addition to detectors 116. Detcctors 116 in the last plane 10d 
absorb all the remaining light and cause a laser source 114 
to transmit the information to the mirror array, which then 
returns the transmission to the first plane 10a or other plane 
in the bus. Selection of the appropriate laser 114 cnables use 
of a particular wavelength to permit plane 10d to commu 
nicate with any of earlier plancs 10a, 10b,and/or 10c, as 
described above. 

In the ring concept described with reference to FIG. 9, it 
will be appreciated that the use of detectors passing wave 
lengths above a given valuc and absorbing other wave 
lengths below that value essentially renders those detector 
planes as low pass detectors having a low pass responsc in 
wavelength. That is to say, as described so far, thc planes 
themselves are not bandpass detectors having a bandpass 
responsc. lf, however, the detector planes could be made as 
bandpass detectors having a bandpass response, then the 
retransmit concept for plane 10d would not be required. 
Rather, only an appropriate optical filter would be needed 
with the detectors on plane 10d. 
An alternatic embodiment of the invention is depicted in 

FIG. 10, called the "dual bus' (the basic embodiment 
described above is termed the unidirectional bus). In this 
configuration, two planar configurations 52 and 54, one a 
mirror image of the other, are provided, with propagation 
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going in opposite directions. Here, node 56-2 cannot com 
municate with node 56-4 through the upper planar configu 
ration 52, but it can in the lower planar configuration 54. 
(The nodes of an optical communication network may be 
configured in a variety of ways. A node in this system is a 
high speed transmitter or receiver of data, as in a node within 
a network.) Thus, the dual bus is similar in result to the ring 
configuration 48 shown in FIG.9. Switching is performed to 
route communication from the upper configuration 52 to the 
lower 54 and visa versa, as required, through the nodes 56. 

FIG. 11 depicts a multi-layer interconnection module 58 
for usc on a printed-circuit computer board in a practical 
implementation of the teachings of the present invention. 
The computer board illustrated has the same general con 
figuration as the unidirectional bus described earlier. 
As an example, the individual planes 10a-d comprise 

GaAs, which as noted above, is transparent to the laser 
frequencies. The source arrays 114 and detectors 116 are as 
described above, as are the driver electronics 42 and detector 
electronics 44. The detectors comprise GaAll As, where 
the value of x is varied in each source array to provide 
wavelength selectivity. The direction of propagation is from 
plane 10a to plane 10d. The individual planes are separalled 
by silicon layers 60, which provide mechanical support and 
separation of layers. Anti-reflection coatings (not shown) 
may be deposited on the various layers to prevent backscat 
tering of light. 

InP or Si may alternatively be employed as the material 
for the planes 10. The detectors 116 may alternatively 
comprise In,Ga1- As or ln,Ga Ase, where x and y each 
independently range from 0 to 1. 
The configuration depicted in FIG. 11 is especially useful 

in parallel processing, in which each layer 10 is performing 
processing functions and can broadcast results to subsequent 
planes 10. 
Reduced Network Delay Using WDM: 

FIGS. 12a-c depict three configurations for a 2x2 pixel 
array. The node 56 associated with the node on the plane is 
shown in each case as that area encompassed by dashed 
lines. FIG. 12a depicts a planar node 56a, which encom 
passes all four pixels 12 in the array. FIG. 12b depicts two 
column nodes 56b, each encompassing two pixels 12. The 
equivalent case is two row nodes (not shown), orthogonal to 
the column nodes 56b. In the final configuration, shown in 
FIG. 12c, each pixel 12 is a node 56c. 
The significance of node configurations rests on the 

concept of the number of hops required for interplanar 
communication. As used herein, the number of hops refers 
to the number of times a particular signal must be transmit 
ted by a plane to a destination plane (or detected by a plane 
and retransmitted by that plane to a subsequent plane). As 
will be appreciated from the discussion above, with four 
planes and three wavelengths, only one hop is required to go 
from the first plane to the last plane. In the ring structure 
depicted in FIG. 9, one additional hop is required, from the 
last plane to the mirror, because all possible wavelengths are 
absorbed by the last plane and then subsequently retrans 
mitted, thus requiring the additional hop. 

Turning now to systems employing many planes, and 
considering the situation in which the entire plane 10 is the 
node 56, if there are 19 wavelengths and 20 planes, then only 
one hop is required. Interestingly, if there are only two 
wavelengths and 20 planes 10, then, on average, only three 
hops are required to transmit information from a source 
plane to a destination plane. The planar node communication 
configuration is depicted in FIG. 13a. 

Considering now the situation in which alternating rows 
62 (on every other plane 10) and columns 64 (on inbetween 
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10 
planes) are employed as the nodes 56, then a single row node 
can communicate with all column nodes on the adjacent 
plane, since a source node (column) can turn on any one of 
a number of pixels which can separately access different 
rows on a subsequent plane. A single row node can also 
communicate with all column nodes on the any subsequent 
plane if the intermediate planes are all transparent to the 
wavelength transmitted. Thus, any row node can communi 
cate with a subsequent column node in one hop if the 
intermediate planes are all transparent. However, a single 
row node on a particular plane can only communicate with 
a single row node on a subsequent plane at thc same 
corresponding spatial location (assuming that the interme 
diate planes are transparent). In order for a single row node 
56-1 to communicate with a row node 56-9 at a different 
spatial location on that subsequent plane, a retransmittal of 
the data is required, thus necessitating two hops. It can bc 
shown that even for a large number of planes, if there is a 
sufficient number of wavelengths, then only two hops are 
required at most for row-to-row node communication. 
Reducing thc number of hops results in a reduced inclwork 
delay, and hence improved speed in communication. The 
row-column communication configuration is depicted in 
FIG. 13b. It will be appreciated that the row-column con 
figuration provides both wavelength division multiplexing 
and space division multiplexing, thereby reducing network 
delays that may arise with other configurations. 

In summary, a novel optical interconncct configuration is 
disclosed in which onc 2-D plane can communicate simul 
laneously and reconfigurably with many planes by using 
WDM. Multiple wavelength laser arrays and wavelength 
selective detectors are used to provide high contrast ratio, 
increased system capacity, and efficient real-cstate usage. 

Thus, there has been disclosed an optical interconnect 
configuration in which one 2-D plane can communicatc 
simultaneously and reconfigurably with many planes by 
using wavelength division multiplexing. It will be readily 
apparent to those skilled in this art that various changcs and 
modifications of an obvious nature may bc made, and all 
such changes and modifications are considcred to fall within 
the scope of the present invention, as defined by the 
appended claims. 
What is claimed is: 
1. Optical communication apparatus for simultancously 

and reconfigurably establishing optical communication 
channels, comprising a plurality of light sources and a 
plurality of wavelength-selective detectors optically associ 
ated with said plurality light sources, wherein each of said 
light sources emits at a different wavelength and each of said 
wavelength-selective detectors has a different spectral 
response, said plurality of wavelength-sclective detectors 
arranged one behind another such that each subsequent 
wavelength-selective detector will absorb and detect the 
shortest wavelength and bc transparent to other longer 
wavelengths. 

2. The optical communication apparatus of claim 1 com 
prising a plurality of pixcls, each pixel including an identical 
source array, each array comprising a plurality of said light 
sources, each light source operating at a different wave 
length, and cach array optically associated with a said 
plurality of wavelength-selective detectors. 

3. The optical communication apparatus of claim 2 com 
prising: 

(a) at least onc two-dimensional transmitting plane, each 
transmitting plane provided with a plurality of pixels, 
each pixel comprising a said identical source array; and 

(b) at least two two-dimensional detector planes, each 
detector plane behind another and all detector planes 
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behind said at least one transmitting plane, each detec 
tor plane provided with a plurality of said wavelength 
selective detectors, each detector on each of said two 
dimensional detector planes associated with a given 
pixel on a previous said two-dimensional transmitting 
plane and having a cut-off in wavelength detection that 
increases in wavelength for detector planes further 
away from said transmitting plane. 

4. The optical communication apparatus of claim 3 com 
prising a single said two-dimensional transmitting plane and 
at least two said two-dimensional detector planes. 

5. The optical communication apparatus of claim 3 com 
prising a first said two-dimensional transmitting plane, a last 
said two-dimensional detector plane, and at least one two 
dimensional planc intermediate therebctween comprising a 
combination of a said transmitting planc and a said detector 
planc, with each said pixel on said at least one intermediate 
planc comprising both one said identical source array and 
onc said detector. 

6. The optical communication apparatus of claim 5 
wherein said first two-dimensional transmitting plane and 
said last two-dimensional detector plane each comprise a 
combination of a said transmitting planc and a said detector 
plane, wherein said apparatus is provided with a sequence of 
reflecting surfaces to transmit light emitted by a said light 
source on said last two-dimensional detector plane to a 
dictcctor on any of said first two-dimensional plane and 
intermediate planes, and wherein a detector in a given pixel 
on said last two-dimensional detector plane is adapted to 
cnergize at least one light source of said source array in said 
given pixel. 

7. The optical communication apparatus of claim 5 com 
prising: 

(a) a first bus comprising 
(l) said first two-dimensional transmitting plane, 
(2) said last two-dimensional detector planc, and 
(3) said at least one two-dimensional plane intermedi 

ate therebetween comprising a plurality of pixels, 
each said pixel comprising both said identical source 
array and said detector; 

(b) a second bus comprising 
(l) said first two-dimensional transmitting plane, 
(2) said last two-dimensional detector plane, and 
(3) said at least one two-dimensional plane intermedi 

ate therebetween comprising a plurality of pixels, 
each said pix.cl comprising both said identical source 
array and said detector; 

(c) said first bus having a direction of propagation oppo 
site in direction to that of said second bus; and 

(d) a plurality of switching network nodes, each said node 
connecting a plane of said first bus with a plane of said 
second bus such that said first transmitting plane of said 
first bus is connected through a said node to said last 
detcctor planc of said second bus, said first transmitting 
plane of said second bus is connected through a said 
node to said last detector plane of said first bus, and all 
intermediate planes are connected to each other through 
a single nodc or a plurality of nodes, so as to permit any 
light source on a plane of one bus to access a dclector 
on any plane of that bus or on any plane of the other 
bus. 

8. The optical communicating apparatus of claim 2 
wherein each said identical source array comprises a plu 
rality of vertical-cavity surface-emitting lasers, each laser 
emitting at a different wavelength from the others in that 
array. 

9. The optical communicating apparatus of claim 2 
whercin only one light source in a said source array is turned 
"ON" at a time by a common driver. 
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10. The optical communicating apparatus of claim 9 

whercin each said pixel comprises (a) said source array, (b) 
said common driver electrically associated with each said 
light source in said source array and adapted to receive an 
input signal from a network node, (c) said detector, and (d) 
receiver electronics for outputting a signal from said detec 
tor to a network node. 

11. The optical communicating apparatus of claim 2 
wherein all light sources in a said source array are turned 
“ON” simultaneously by a common driver and all said light 
sources transmit the same data. 

12. The optical communicating apparatus of claim 11 
wherein each said pixel comprises (a) said source array, (b) 
said common driver electrically associated with each said 
light source in said source array and adapted to receive an 
input signal from a network node, (c) said detector, and (d) 
receiver electronics for outputting a signal from said detec 
tor to a network node. 

13. The optical communicating apparatus of claim 2 
wherein all light sources in a said source array are turned 
"ON" simultaneously by separate drivers and all said light 
sources transmit different data. 

14. The optical communicating apparatus of claim 13 
wherein each said pixel comprises (a) said source array, (b) 
each said separate driver electrically associated with a said 
light source in said source array and adapted to receive an 
input signal from a network node, (c) said detector, and (d) 
receiver electronics for outputting a signal from said dc cc 
tor to a network node. 

15. The optical communicating apparatus of claim 2 
wherein all pixels on a given plane are electrically connected 
to a network node. 

16. The optical communicating apparatus of claim 2 
wherein said pixels on a given plane are configurcd as cither 
rows or columns and whercin each row or column is 
electrically connected to a network node. 

17. The optical communicating apparatus of claim 16 
wherein said pixels on each plane are configured alternat 
ingly as either rows or columns, to permit communication 
between a single row or column node and all column or row 
nodes by combining both wavelength division multiplexing 
and space division multiplexing. 

18. The optical communicating apparatus of claim 2 
wherein each pixel on a given plane is electrically connected 
to a network node. 

19. The optical communicating apparatus of claim 1 
wherein each detector arranged behind another comprises a 
III-V compound semiconductor of different composition so 
as to provide said wavelength selectivity. 

20. The optical communicating apparatus of claim 19 
wherein each said detector comprises material selected from 
thc group consisting of GaAl-As, and InGaAS, and 
InGaAs, P., where the values of x and y arc indepen 
dently varied to provide said wavelength selectivity. 

21. The optical communicaling apparatus of claim 1 
wherein each detector arranged behind another comprises a 
III-V compound semiconductor quantum well detector so as 
to steepen the detector roll-off at long wavelengths and to 
provide said wavelength selectivity. 

22. The optical communicating apparatus of claim 21 
wherein each said derector comprises material selected from 
the group consisting of GaAl-As, In,GaAs and In 
GaAsP, where the values of x and y are independently 
varied to provide said wavelength selectivity. 

23. Optical communication apparatus for simultaneously 
and reconfigurably establishing optical communication 
channels, comprising: 
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(a) at least one two-dimensional transmitting planc, each 
transmitting plane provided with a plurality of pixels, 
each pixel comprising an identical source array com 
prising a plurality of vertical-cavity surface-emitting 
lasers, each laser emitting at a different wavelength 
from the other in that array, each plane comprising a 
substrate consisting essentially of semiconductor mate 
rial transparent to all wavelengths emitted; 

(b) at least two two-dimensional detector planes, each 
detector plane behind another and all detector planes 
behind said at least one transmitting plane, each detec 
tor plane provided with a plurality of said wavelength 
selective detectors, each detector on each of said two 
dimensional detector planes associated with a given 
pixel on a previous said two-dimensional transmitting 
plane and having a cut-off in wavelength detection that 
increases in wavelength for detector planes further 
away from said transmitting plane, each detector con 
prising a III-V compound semiconductor of different 
composition so as to provide said wavelength selectiv 
ity, cach plane comprising a substratic consisting essen 
tially of semiconductor material transparent to all 
wavelengths emitted; and 

(c) a plurality of supporting substrates separating said 
planes, said substrates comprising a material transpar 
ent to all wavelengths emitted. 
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24. The optical communicating apparatus of claim 23 

wherein each plane consists essentially of semiconductor 
material selected from the group consisting of GaAs, InP, 
and Si. 

25. The optical communicating apparatus of claim 23 
wherein each detector comprises a material selected from 
the group consisting of Ga AlAs, In, GaAs, and 
In,GaAsP, where the values of x and y are indepen 
dently varied to provide said wavelength selectivity. 

26. Optical communication apparatus for simultaneously 
and reconfigurably establishing optical communication 
channels, comprising a plurality of pixels, each said pixel 
including an identical source array, each said array compris 
ing a plurality of light sources, each said light source 
operating at a different wavelength and each said array 
optically associated with a plurality of wavelength-selective 
detectors, each said wavelength-selective delectors in said 
plurality wave-length-selective detectors having a different 
spectral response, arranged one behind another, and having 
a cut-off in wavelength detection that increases in wavc 
length for wavelength-selective detectors further away from 
said plurality of light sources. 


